Phytoplasmas are cell wall-less, pathogenic bacteria that infect numerous plants including vegetables, cereals, fruits and ornamentals, as well as forage and forest plants worldwide (McCoy et al., 1989; Lee et al., 2000) . As obligate intracellular parasites, phytoplasmas are systemically distributed in phloem sieve elements of infected plants and are transmitted from plant-to-plant by phloem-feeding insects, as well as by vegetative propagation and grafting (Tsai, 1979; Lee et al., 2000) . Phytoplasmas are thought to have descended from a common ancestral, Clostridium-like, low G+C content Gram-positive bacterium (Woese, 1987; Weisburg et al., 1989) , from which they evolved to form diverse lineages adapted to varied geo-and bioecological niches. As phytoplasmas cannot be cultured in cell-free medium, measurable phenotypic characteristics that are traditionally used for classification of culturable microbes are largely inaccessible. At present, differentiation and classification of phytoplasmas rely mainly on molecular analysis of conserved genes, in particular 16S rRNA genes. To date, several hundred phytoplasma strains have been classified into 28 groups on the basis of distinct 16S rRNA gene restriction fragment length polymorphism (RFLP) pattern types resolved on actual and/or virtual electrophoresis gels (Lee et al., 2000; Wei et al., 2007b) .
Cacti (Opuntia species) are evergreen, succulent plants native to arid areas of the Americas (Nyffeler, 2002) . Many cacti have been cultivated and introduced into other parts of the world as ornamentals and as edible crops. Cacti are susceptible to phytoplasma infections and develop diseases with symptoms characterized by witches'-broom growth and green-mosaic patterns in the epidermis; such diseases have been observed in Mexico, Lebanon and China (LeyvaLopez et al., 1999; Cai et al., 2002; Choueiri et al., 2005; Wei et al., 2007a) . In a previous communication, we reported that phytoplasma strains of both the peanut witches'-broom group (16SrII) and the aster yellows group (16SrI) were associated with cactus witches'-broom diseases (Wei et al., 2007a) . In the present study, we investigated the widespread occurrence of diseased Opuntia cacti in Yunnan Province, south-western China. Through the use of virtual RFLP analysis of 16S rRNA gene sequences, an unexpected breadth of genetic diversity among phytoplasmas in diseased Opuntia species became apparent. Interestingly, the extent of diversity varied with geographical area and elevation, raising implications related to the biodiversity of group 16SrII phytoplasma strains. geographical regions in Yunnan Province, south-western China (Table 1) . These malformed plants exhibited typical cactus witches'-broom (CaWB) symptoms including stunted growth and dense clusters of highly proliferating cladodia (Fig. 1) . Symptomless cactus plants from each of the 14 locations were also sampled as negative controls. Total DNA was extracted from 300 mg of young cladodia of each malformed and symptomless control plant using a DNeasy Plant Mini kit (Qiagen), and was eluted in 100 ml TE buffer (10 mM Tris/HCl, pH 8.0, 1 mM EDTA). Nearfull-length phytoplasmal 16S rRNA gene sequences were amplified using nested-PCR primed by phytoplasmauniversal 16S rRNA gene primer pairs P1/P7 (Deng & Hiruki, 1991) and P1A/16S-SR (Lee et al., 2004) . Each reaction mixture, in a total volume of 50 ml, contained 50 ng of the above prepared DNA, 0.5 mM each of a forward and a reverse primer, 200 mM each of dATP, dCTP, dGTP and dTTP, 16GeneAmp PCR buffer and 2.5 units AmpliTaq DNA polymerase (Applied Biosystems).
PCR reactions were carried out for 35 cycles under the following conditions: denaturation at 95 u C for 60 s, annealing at 56 uC for 60 s and extension at 72 uC for 75 s. Amplicons were analysed by electrophoresis through a 1 % agarose gel. When DNA preparations from each of the 29 malformed plants served as templates, a characteristic 1.5 kb amplicon was amplified using nested-PCR (data not shown), suggestive of phytoplasma infections in these plants. No DNA amplification was observed in reactions containing template DNA from symptomless plants. The amplicons were subsequently cloned into plasmid vector pCRII-TOPO (Invitrogen), and propagated in Escherichia coli as described by Shuman (1994) . Cloned phytoplasmal 16S rRNA genes were sequenced on both strands to achieve at least 46coverage per base position. For each distinct strain, two independent PCR clones were sequenced. DNA sequencing was performed with an ABI PRISM 377 automated DNA sequencer (Applied Biosystems). DNA sequencing data confirmed the presence Table 1 . Designation, origin and classification of cactus-infecting phytoplasma strains collected in this study Asterisks indicate variants of designated subgroups. 16SrI-B** has 98 % similarity coefficient with representative strains of subgroup 16SrI-B. Likewise, 16SrII-C** has 98 % similarity coefficient with representative strains of subgroup 16SrII-C. Genetic diversity among cactus-infecting phytoplasmas of phytoplasmas in these symptomatic plants, as each sequenced amplicon covered a phytoplasma-specific partial rRNA (rrn) operon spanning a near-full-length 16S rRNA gene and a partial 16S-23S rRNA intergenic spacer. The nucleotide sequences were deposited in GenBank/EMBL/ DDBJ with the accession numbers given in Table 1 .
Strain designation

DNA sequence comparative and phylogenetic analyses
DNA sequence data were assembled using the SeqMan program of the sequence analysis software suite Lasergene (DNASTAR). BLAST was used to search against the National Center for Biotechnology Information (NCBI)'s nonredundant nucleotide database with the cloned CaWB 16S rRNA sequences as queries. The searches returned most significant matches to phytoplasmal 16S rRNA genes from existing members in the peanut witches'-broom group (16SrII) for 28 queries, and returned 16S rRNA genes from 'Candidatus Phytoplasma asteris'-related strains (group 16SrI) for the one remaining query (YN26). For phylogenetic analysis, 16S rRNA gene sequences from reference strains of each phytoplasma 16Sr group and from representative strains of previously delineated 16SrII subgroups were retrieved from the NCBI database. Phylogenetic analysis was carried out as described previously (Wei et al., 2007b) . Briefly, sequences were compiled in FASTA format and aligned using CLUSTAL_X (version 1.83) by selecting the 'do complete alignment' option with the following parameters: gap opening penalty, 15.00; gap extension penalty, 6.66; delay divergent sequences, 30 %; and DNA transition weight, 1.0 (Jeanmougin et al., 1998; Thompson et al., 1997) . Each aligned sequence was trimmed to an approximately 1.25 kb fragment (termed the F2nR2 region) that was bounded by the two conserved nucleotide blocks corresponding to the annealing sites for phytoplasma-universal 16S rRNA gene primer pair R16F2n/R16R2 (Gundersen & Lee, 1996) . The trimmed sequences were realigned, and the final alignment was converted to MEGA format. Minimum-evolution analysis was conducted with the software MEGA4 (Kumar et al. 2004; Tamura et al., 2007) using the close neighbour interchange algorithm. The initial tree for the close neighbour interchange search was obtained by using the neighbour-joining method. The reliability of the analysis was subjected to a bootstrap test with 500 replicates. For phylogenetic tree reconstruction, Acholeplasma palmae served as the outgroup. A minimum-evolution phylogenetic tree constructed from the analysis revealed that, of the 29 CaWB phytoplasma strains identified in the present study, 28 formed a subclade along with known phytoplasma strains in group 16SrII, whereas the one remaining strain (strain YN26) clustered with the reference strain of 'Ca. Phytoplasma asteris', the representative of the aster yellows phytoplasma group (16SrI) (Fig. 2 ).
Virtual RFLP analysis
Computer-simulated RFLP analysis of 16S rRNA gene F2nR2 regions was performed on the 28 16SrII strains. The trimmed and aligned sequences were exported to the program pDRAW32 (AcaClone Software; http://www.acaclone.com) for computer-simulated restriction digestion and virtual gel plotting (Wei et al., 2007b) . Each aligned DNA fragment was digested in silico with 17 distinct restriction enzymes that have been routinely used for phytoplasma 16S rRNA gene RFLP analysis (Lee et al., 1998) . These enzymes were AluI, BamHI, BfaI, BstUI (ThaI), DraI, EcoRI, HaeIII, HhaI, HinfI, HpaI, HpaII, KpnI, Sau3AI (MboI), MseI, RsaI, SspI and TaqI. After in silico restriction digestion, a virtual 3.0 % agarose gel electrophoresis image was plotted and captured as a deviceindependent PDF file. The virtual RFLP patterns were compared and a similarity coefficient (F) was calculated for each pair of phytoplasma strains according to the formula described previously (Lee et al., 1998) and by Nei & Li (1979) : F52N xy /(N x +N y ), in which x and y are two given strains under study, N x and N y are the total number of bands resulting from digestions by 17 enzymes in strains x and y, respectively, and N xy is the number of bands shared 
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by the two strains. In silico enzyme digestions and virtual gel plotting resulted in nine RFLP pattern types (Fig. 3) . Such extensive genetic diversity was remarkable, since it reflected a surprising degree of complexity among strains infecting a single cactus genus (Opuntia) and apparently inducing the same disease syndrome (CaWB).
Prior to the present study, four 16S rRNA gene subgroups had been recognized in the peanut witches'-broom phytoplasma group. These include peanut witches'-broom subgroup (16SrII-A) represented by Taiwanese peanut witches'-broom phytoplasma (Lee et al., 2000) , lime witches'-broom subgroup (16SrII-B) represented by Genetic diversity among cactus-infecting phytoplasmas 'Candidatus Phytoplasma aurantifolia' (Zreik et al., 1995; Lee et al., 1998 Lee et al., , 2000 Lee et al., , 2007 Wei et al., 2007b) , faba bean phyllody subgroup (16SrII-C) represented by Sudanese faba bean phyllody phytoplasma (Lee et al., 1998 (Lee et al., , 2000 , and papaya yellow crinkle subgroup (16SrII-D) represented by 'Candidatus Phytoplasma australasiae' (White et al., 1998; Firrao et al., 2005) . The papaya yellow crinkle subgroup was initially named as 16SrII-E (Lee et al., 1998 (Lee et al., , 2000 and was reclassified as 16SrII-D in the recent literature (Martini 2004; Martini et al., 2007; Lee et al. 2007; Wei et al., 2007b) . Results from pairwise comparison of virtual 16S rRNA gene F2nR2 RFLP patterns revealed that 19 of the 28 16SrII CaWB phytoplasma strains identified in the present study had a pattern type identical to that of Sudanese faba bean phyllody phytoplasma (Fig. 3) ; therefore, these 19 CaWB strains are considered to be new members of subgroup 16SrII-C.
Recognition of new 16SrII subgroups
The remaining nine strains displayed eight RFLP patterns that differed, by at least one band, from each other and from those of the four previously established subgroups (Fig. 3) . In previously published work, it has been generally accepted that, as few as one restriction site difference (within the 16S rRNA gene F2nR2 region) between a H. Cai and others phytoplasma strain under study and each of the previously established subgroups, would qualify the strain to be recognized as representative of a new subgroup (Lee et al., 1993 (Lee et al., , 1998 (Lee et al., , 2000 . More recently, in efforts to update and improve the 16S rRNA gene-based phytoplasma classification scheme by implementing computer-simulated RFLP analysis and automated similarity coefficient calculation (Wei et al., 2007b, c; Lee et al., 2007) , a higher standard has been proposed for delineation of phytoplasma subgroups. This new standard suggests that the coefficient of F2nR2 RFLP pattern similarity between representative members (reference strains) of any two subgroups should be equal to or less than 97 %.
As shown in Table 2 , even with this higher standard, seven new subgroups could be recognized in the Yunnan CaWB phytoplasma population. These new subgroups include 16SrII-F (represented by strain YN11), 16SrII-G (represented by strains YN23 and YN25), 16SrII-H (represented by strain YN24), 16SrII-I (represented by strain YN06), 16SrII-J (represented by strain YN07), 16SrII-K (represented by strain YN28) and 16SrII-L (represented by strain YN01).
For validation of the new 16SrII subgroups delineated on the basis of virtual RFLP analysis, actual gel-based PCR-RFLP analysis was performed on 16S rRNA gene F2nR2 fragments amplified from representative strains of each of the seven new 16SrII subgroups and from one strain in subgroup 16SrII-C. The F2nR2 amplicons, generated from nested-PCR with primer pair P1/P7 followed by primer pair R16F2n/R16R2, were subjected to digestion with eight restriction enzymes (AluI, BfaI, BstUI, EcoRI, HinfI, HpaII, MseI or RsaI) and subsequent 3.0 % agarose gel electrophoresis. These eight enzymes were selected because virtual RFLP profiles showed that they were key enzymes that were capable of distinguishing the seven new subgroup representatives from each other and from phytoplasmas in previously delineated subgroups. The actual gel-based RFLP analysis generated restriction profiles ( Fig. 4 ; top panel) identical to those produced by virtual RFLP analysis ( Fig. 4 ; bottom panel), except that the virtual gel image offered greater clarity and better resolution especially for bands in the low molecular mass range (,100 bp) and for bands similar in size. This result exemplifies the value of virtual RFLP analysis in phytoplasma subgroup delineation.
In the present study, we found that a previously reported but unclassified cactus-infecting phytoplasma strain, MartinezSoriano-1999 (GenBank accession no. AF200718), was also qualified for recognition as a representative of a new subgroup (Table 2) ; however, we would prefer to defer recognition of this new subgroup and reserve the privilege for the original contributors who described the phytoplasmal disease and furnished the sequence data.
rRNA interoperon sequence heterogeneity
It is well known that many phytoplasmas have two rRNA operons, rrnA and rrnB (Schneider & Seemüller, 1994; Lauer & Seemüller, 2000; Padovan et al., 2000; Davis & Dally, 2001; Jomantiene et al., 2002; Oshima et al., 2004; Bai et al., 2006) . While the two rrn operons may be identical in some phytoplasma strains, apparent interoperon sequence heterogeneity exists in other strains (Lee et al., 1993; Firrao et al., 1996; Liefting et al., 1996; Davis & Sinclair, 1998; Jomantiene et al., 2002) . Thus, in assignments of phytoplasma strains to 16S rRNA gene RFLP subgroups, the rrn interoperon sequence heterogeneity of a strain must be addressed. Sequence variations between heterogeneous rrn operons could affect restriction sites in the 16S rRNA gene F2nR2 region. In such a case, analysis of uncloned PCR products would result in a composite RFLP pattern derived from both operons, and analysis of cloned PCR products would result in two distinct RFLP patterns that, when superimposed, give the same pattern as that from analysis of the uncloned rRNA gene. This circumstance signals a need for caution, because erroneous assignment of the same phytoplasma to two different 16S rRNA subgroups could occur if a phytoplasma's sequence heterogeneous rRNA operons were cloned and sequenced on separate occasions (Davis et al., 2003) .
It appears that the issue of interoperon sequence heterogeneity has not posed a serious challenge to subgroup classification of group 16SrII phytoplasmas thus far, as no interoperon sequence heterogeneity has been reported in any of more than 80 recognized 16SrII phytoplasma strains. Nevertheless, in the present study, two measures were taken to detect the possible presence of sequence heterogeneous rrn operons. The first was to sequence multiple independent 16S rRNA gene clones from separate PCRs performed on each strain. In the second, strains YN04 and YN01 were chosen as representatives of the dominant pattern type (16SrII-C) and a minor pattern type (16SrII-L), respectively, for actual gel electrophoresisbased RFLP analysis of DNA enzymically digested by 17 restriction enzymes (data not shown). The multiple-clone sequencing approach consistently yielded no evidence of interoperon sequence heterogeneity, and the actual gel electrophoresis-based RFLP analysis revealed no composite RFLP pattern types that would have indicated the presence of two different operon sequences. These results strengthen the interpretation that the multiple 16S rRNA gene RFLP pattern types most likely reflect true genetic diversity among the CaWB phytoplasmas.
Ecosystem distribution and strain diversity
The geographical distribution of genetically diverse CaWB phytoplasma strains pointed to a relationship between the extent of phytoplasma genetic diversity and ecosystem characteristics (Table 1) . For example, Lijiang region is in a high altitude (.2400 m), warm temperate zone with a highland monsoon climate, with an average annual temperature of 13.8 u C; all CaWB phytoplasma strains found in this region belonged to subgroup 16SrII-C; that is, no strain diversity was found in Lijiang. Similarly, no Table 2 . Similarity coefficients derived from analysis of virtual RFLP patterns of 16S rRNA genes from 32 cactus-infecting phytoplasma strains and representative strains of five previously delineated 16SrII subgroups Strains of the seven new subgroups (16SrII-F-16SrII-L) and a potentially new subgroup are shown in bold. For each strain of a new subgroup, the similarity coefficient is equal to or less than 0.97 with all strains in previously delineated subgroups. Asterisks indicate variants of the designated subgroup.
Strain GenBank accession no. Classification 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35 EU099550 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00
11. CaWB-YN08 EU099553 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00
12. CaWB-YN09 EU099554 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
13. CaWB-YN10 EU099555 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
14. CaWB-YN12 EU099557 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
15. CaWB-
YN13
EU099558 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
16. CaWB-
YN14
EU099559 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
17. CaWB-YN15 EU099560 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
18. CaWB-
YN16
EU099561 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
19. CaWB-
YN17
EU099562 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
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International Journal of Systematic and Evolutionary Microbiology 58 20. CaWB-YN18 EU099563 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
21. CaWB-YN19 EU099564 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
22. CaWB-YN20 EU099565 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
23. CaWB-YN21 EU099566 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
24. CaWB-YN22 EU099567 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00
25. CaWB-YN29 EU099573 16SrII-C 1.00 0.94 0.94 0.97 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1. Table 2 .
cont.
Genetic diversity among cactus-infecting phytoplasmas genetic diversity was found among strains collected from Chuxiong region, which is in a low altitude (1008 m) tropical valley with an average annual temperature of 21.9 u C; all CaWB phytoplasma strains belonged to subgroup 16SrII-C. In contrast, strains belonging to eight distinct 16SrII subgroups and to one group 16SrI subgroup were found to infect cactus plants in Wenshan and Kunming regions, which are in a subtropical, mid-altitude highland (1260-1895 m) zone with a monsoon climate, with an average annual temperature of 15 u C.
Interestingly, strains from managed areas in the Wenshan and Kunming regions comprised just three subgroups, whereas strains collected from unmanaged areas comprised six group 16SrII subgroups plus one variant (C**) of subgroup 16SrII-C and one group 16SrI strain (Table 1 ). In the managed areas (Agricultural University campus, Botanical Garden and Golden Temple), subgroup 16SrII-C was most commonly found. Thus, the greatest breadth of genetic diversity was found among strains infecting cacti in unmanaged ecosystems, raising the possibility that reservoir(s) of strains representing diverse subgroups are present there. One implication of the results is that an epicentre of group 16SrII phytoplasma evolution may exist in or near the Wenshan/Kunming regions. Alternatively, the observed strain diversity originated elsewhere. In either case, ecological niches in unmanaged areas of the Wenshan/Kunming regions may favour strain diversity. In the unmanaged areas, the cacti were apparently propagated through true seed, suggesting that, assuming lack of seed transmission, insect vector(s) may carry diverse phytoplasma strains to or from neighbouring plant species. If the extent of subgroup diversity among cactus-infecting strains in Yunnan, China, were the result of human activity, one should expect that the new subgroups found in Yunnan also exist in other region(s) of the world, but these subgroups have not been reported elsewhere. As the New World is apparently the epicentre of cactus evolution (Nyffeler, 2002) , it would be interesting to investigate whether a broad diversity of group II phytoplasma strains occurs in the Americas.
In summary, the cactus-infecting phytoplasmas from the south-eastern China province of Yunnan exhibited remarkable genetic diversity. The extensive biodiversity of group 16SrII strains suggests ongoing evolution of phytoplasmas in adaptation to their geo-and bioecological niches. The strain diversity seen in the present study may also be explained by differences in vector species involvement. In either case, co-existence of diverse phytoplasma strains in the same geographical location and in the same host species may favour phytoplasma-phytoplasma, phytoplasmainsect vector and phytoplasma-plant host interactions that provide increased opportunities for genetic recombination and the emergence of new phytoplasmal plant diseases.
Differential amplification of sequence heterogeneous ribosomal RNA Fig. 4 . Comparison of actual and virtual RFLP profiles. Restriction patterns obtained from actual gel-based PCR-RFLP analysis (top panel) are shown together with corresponding patterns generated from virtual RFLP analysis (bottom panel). F2nR2 DNA fragments amplified from representative strains of each of the seven new 16SrII subgroups and from one strain in subgroup 16SrII-C were digested with restriction enzymes AluI, BfaI, BstUI, EcoRI, HinfI, HpaII, MseI or RsaI. Actual gel-based RFLP analysis generated restriction profiles identical to those produced by virtual RFLP analysis. Letters C, F, G, H, I, J, K, and L denote subgroup designations 16SrII-C, 16SrII-F, 16SrII-G, 16SrII-H, 16SrII-I, 16SrII-J, 16SrII-K and 16SrII-L, respectively. M, QX174 DNAHaeIII digest.
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